ABSTRACT A single work rate paced step test is described. It was designed to allow the measurement of minute ventilation (Vi) and oxygen consumption (Vo2), under standardised conditions, during exercise in the clinic and lung function laboratory and in field work. The subjects and the operator found the test simple to perform. The values for ventilation at a given oxygen consumption were similar to those from more complex and stressful tests and had a high degree of reproducibility. 
The ventilatory response to exercise is altered by disease states1; its relationship to changes in lung volumes and diffusing capacity is complex and may change during the natural history of the disease.2 Although exercise tests are becoming more widely used in the assessment of pulmonary disease, the use of the ventilatory response as a possible tool for monitoring disease progression or for measuring the effects of treatment remains underevaluated. One obstacle to this is the nature of the test, which frequently requires an unfamiliar form of exercise, relatively complex equipment, and well trained operators, and can usually only be performed within a specific laboratory or on a particular site. We considered that there was a need for a simple test that allows the reproducible measurement of ventilation and oxygen consumption, under controlled conditions of exercise and which could readily be performed in the clinic or a standard lung function laboratory, or in field work.
The paced step test was introduced for the assessment of respiratory insufficiency by Baldwin etal. 3 The ventilatory response to this type of test was standardised by Hugh-Jones and Lambert4 in terms of external work. During exercise, however, breathing increases as a function of metabolic demand and the oxygen uptake can be predicted only with limited accuracy from calculations of external work; as a result the ventilatory responses standardised in such a way may be quite variable (see Cotes,5 p 296). We have developed a paced step test in which minute ventilation (Vi) and oxygen uptake (Vo2) were measured with a small portable device. For simplicity, a single work rate was used with the same stepping frequency and step height for all subjects.
Paced step test for reproducible measurements of ventilation and oxygen consumption during exercise
To assess the reliablity of this test and to validate our method of standardisation of the ventilatory response, we have studied normal subjects to estimate the size of the normal range of response and factors that effect it. We have also looked for any diurnal variation in the ventilatory response to this test and examined its short and medium term reproducibility.
Methods

MEASUREMENT OF VENTILATION AND OXYGEN CONSUMPTION
The Oxylog (PK Morgan)-a portable device weighing 2-6kg-was used. This equipment consists of a mixing chamber and polarographic oxygen sensors6 7 and costs about £3000 in Britain. Respired gas is collected with a tight fitting face mask. Inspired air flow is measured with a turbine flow meter, which is calibrated and set at the factory. Minute inspired ventilation (VI) corrected to BTPS is measured minute by minute. The mixed expired oxygen concentration is calculated from the difference between the outputs of two oxygen sensors, one of which samples the mixed expired gas and the other room air. Before each test the oxygen sensors were calibrated with room air. Setting of the zero oxygen level on fitting new sensors was performed with oxygen free nitrogen. A random check with nitrogen showed no zero drift. The lifespan of the sensors is usually several months and they were not changed during the course of a study.
Within the Oxylog oxygen consumption (Vo2), corrected to STPD, is calculated from VI and the mixed expired oxygen concentration by a microprocessor, which assumes a respiratory gas exchange ratio of 1-0. This assumption is necessary because inspired and not expired gas flow is measured. The effect of this on the measurement of oxygen uptake is small and can be calculated (see below under "Discussion").
During the exercise test the Oxylog was placed beside the step and not carried by the subject.
ACCURACY OF MEASUREMENTS OF VENTILATION AND OXYGEN UPTAKE
In five subjects measurements made with the Oxylog were compared simultaneously with measurements made by means of computerised equipment (Gould 9000 IV) that incorporated a dry rolling seal spirometer and gas analysers. The latter equipment was calibrated before each test with a 31 precision syringe and gases of known composition, analysed with a Lloyd-Haldane apparatus. For the comparison between the two sets of equipment subjects performed a progressive exercise test of 25 watt increments every four minutes up to 100 watts on a cycle ergometer. Expired gas passed in series first to the Oxylog and then to the Gould equipment. Measurements made in the third and fourth minute of each work rate were recorded.
PACED STEP TEST
The subjects mounted a 12 inch (30 cm) platform once every four seconds in response to an audible timer. They were instructed to mount the platform with both feet on hearing the timer then immediately dismount and await the next signal. Arm rails were available for use if the subjects wanted them. Before the test the face mask was placed on the subjects and the straps were adjusted to allow a comfortable tight fit. Obvious leaks were corrected but deliberately no formal sensitive tests for small leaks were made. After the face mask had been fitted the subjects were asked to sit for four minutes and then told to begin exercising. Measurements of Vi and Vo2 were recorded every minute. No individuals with particular facial features (for example, with beards) were excluded from the study.
REPRODUCIBILITY OF MEASUREMENTS
1 Twenty normal subjects (seven men, three with beards) were recruited from hospital staff. They were not familiar with the mask or testing technique. Their mean age was 30 (range 22-39) years. These subjects were studied on three consecutive days at least two hours after a meal. 2 Eighteen of these subjects were also studied once a week for four consecutive weeks.
3 Seven subjects were studied on two separate days four months after the initial study.
INFLUENCE OF DIURNAL VARIATION
Seven normal subjects each performed two pairs of tests. Each pair consisted of a test between 8 and 10 am and a test between 5 and 6pm. Each subject was tested once with the morning test as the first of the pair and once with the evening test first. The sequence in which these were performed (that is, morning-evening or evening-morning) was randomised between subjects. In the event, four subjects performed the morning-evening sequence first.
FACTORS AFFECTING THE RESPONSE TO THE STEP TEST To examine factors that may create variations between subjects in the response to the test, a further 53 subjects (29 of them women) were each studied on one occasion. The subjects had no past or present history of lung disease, although a rigorous history of cough frequency was not taken. They were recruited from hospital staff and from a physiotherapy outpatient clinic. The subjects were recorded as smokers (current smokers or ex-smokers) and non-smokers 138 (that is, they had never smoked). between these two subgroups were found in the time course of the responses of either Vi or Vo2.
DAY TO DAY VARIATION
In each of the 20 subjects measurements from the last five minutes of the exercise period were used in the analysis of variance. There was a significant fall in Vi and Vo2 during repeated testing over three days (both p < 0-001; fig 3) . The ventilatory equivalent for oxygen (VI02), calculated from Vi divided by Vo2, also fell (p < 0-01). Although these trends were significant they were small. The falls by day 3 as a percentage of day I were: Vi 5.9%, VO2 4%, and Vi02 2 0%.
WEEK TO WEEK VARIATION
Measurements from the last five minutes of exercise were recorded from 18 subjects, tested once a week over four weeks (fig 3) . There were significant differences between weeks in all three variables (p < 001) and a significant covariance between the test number and both Vi and Vo2 (p < 0-05 in each case). These differences'and trends were very small; for each of the three variables the analysis of variance showed that this week to week variation accounted for less than 3 5% of the total within subject variation. for men (n = 16) was 28 2 (SD 5 0) and for women (n = 26) 28 4 (4-2).
Factors affecting V02 There was a highly significant correlation between Vo2 and weight (r2 = 0 57, p < 0-001) and, although there was a significant interaction between height and weight, there was also a positive correlation (p < 0 025) between height and Vo2 that was independent of the weight effect. The relationship between weight, height, and Vo2 could be described using the resultsfrom 53 subjects with no symptomatic respiratory disease. r = 0458; p < 0 001.
Factors affecting VI The factors affecting Vi were similar to those affecting Vo2. The correlation with weight was significant (r2 = 0 43, p < 0-001). Height did not have a significant independent effect and age, sex, and smoking were also without effect. 
Discussion
This exercise test was designed to be simple and to be used on a wide population of adult patients. The selection of any one work rate is a compromise between setting an unsustainable work rate for certain subjects and an insufficient load for others. The stress produced by the test was relatively modest; 3 7mets is equivalent to walking at 3-4mph or the performance of housework.8 The small standard deviation (0-6 mets) shows that although the subjects' weights varied over a twofold range the relative stress for each subject was well standardised and all these normal subjects were able to complete 10 minutes of stepping regardless of age or physical characteristics.
Jones, Wakefield, Kontaki The subjects were allowed to use the handrails if they wished. All work against gravity means energy consumption (and therefore oxygen uptake), so the use of handrails did not remove the metabolic load on the subjects. For a given level of oxygen uptake arm exercise provokes a slightly greater ventilatory response than leg exercise,9 but the use of handrails was allowed because patients with lung disease frequently preferred using them during this test.'0 In a step test the external work is the product of the step height, the frequency of stepping, the subject's weight, and a constant. 4 We found, however, that the subject's height was also positively correlated with oxygen consumption (a measure of internal work), independently of its relationship to weight. Shahnawaz" has shown that the oxygen cost of stepping varies as a function of the ratio of leg length to platform height. He found that the optimum ratio was 50-55% and that in any given subject, at a given work rate, ratios less than this were associated with an increase in oxygen consumption. Our observation of differences between subjects accords with his findings since total body height is quite closely related to leg length, and our 12 inch (30cm) step was invariably less than half the length of the subjects' legs.
These observations illustrate the well recognised importance of measuring, rather than calculating, the oxygen consumption when ventilation is being standardised. In our study, although weight and height were statistically significant predictors of oxygen consumption, together they still accounted for only 60% of the total variance in measured oxygen uptake. Prediction equations for other forms of exercise are similarly imprecise; for example, with cycle ergometry, 2 SD at 1-0 I/min oxygen uptake would be 18% (from Cotes,5 equation 12.1 1).
The measurements of oxygen uptake obtained with the Oxylog are open to slight error because of the assumption, used by the microprocessor in the equipment, that the respiratory gas exchange ratio (R) is a constant with a value of 1 -0. The error due to this assumption can be easily calculated: if the true R value were 0-8 the oxygen uptake would be underestimated by 3-5%, and if the R value were 0 9 the underestimate would be 1-8%. In practice, the reported differences between Oxylog measurements and those made simultaneously on conventional equipment at oxygen uptakes below 1-51/min are about 4%, according to the calculations of Belyavin et al. 7 These authors concluded that not all the error could be ascribed to the "R value effect" and inspection of their data shows that the error increased slightly above 1-5 I/min oxygen uptake. In our comparison no significant differences were found between the two measurements, although the Oxylog appeared slightly to overestimate rather than underestimate Paced step test for reproducible measurements of ventilation and oxygen consumption during exercise Vo2. We could find no significant trend for changing errors in Oxylog measurement of Vo2 with change in R (fig 1) and conclude that other measurement errors in the two sets of equipment were greater than the "R value effect." Consideration of this effect of R is important because it changes during exercise (as shown in fig 1) . At the start of exercise Vo2 reaches a steady state within 3-4 minutes and in this step test Vo2 as measured by the Oxylog remained constant after four minutes of exercise. In contrast, we recorded a 5% rise in Vi beyond this period. Carbon dioxide production (Vco2) follows ventilation very closely, so it will have increased by up to 5% (less if alveolar carbon dioxide fell with the increase in breathing). This will have caused the R value (Vco2/Vo2) to rise by < 0 05 at the work rate and Vo2 of the step test. The resulting change in the Oxylog measurement of Vo2 will have been an increase of 0-9%, almost undetectable. These errors in Vo2 measurement with the Oxylog, both theoretical and measured, are acceptable and are very much less than the error to be expected when, for example, Vo2 is calculated from treadmill speeds and gradients (Cotes,5 p 303).
To standardise the measurement of ventilation during exercise it is usual to express it as a function of the oxygen consumption, since breathing increases with the increase in metabolism. The regression line between ventilation and oxygen uptake has a positive intercept on the ventilation axis, so the ratio between the two will vary and decrease with increasing levels of oxygen consumption (see Cotes5 for full exposition). For this reason, the preferred practice is to express ventilation at a given level of Vo2 (typically I10 1/min). Ventilation at this level is estimated by interpolation between measurements at levels of work above and below the desired oxygen uptake. This was not possible with our single work rate test, so ventilation was expressed as the ratio of the measured oxygen consumption-the ventilatory equivalent for oxygen or VIO2. For the reasons outlined above the ViO2 should have greater variability than measurements of ventilation standardised to a fixed value of Vo2. The size of this effect should not be overestimated, however. The normal data for cycle ergometry in our laboratory show that an increase in V02 from 0 75 to 101/min will cause the calculated VIO2 to fall by 3%. In subjects who greatly overventilate because of pulmonary fibrosis an equivalent change in Vo2 would produce a 7% fall in Vio2 (calculated from data of Spiro et al'). A 33% increase in Vo2 in the fixed rate step test, however, could be produced only by a commensurate increase in body weight. Thus in a given patient over a period of time, only very large changes in weight would appreciably alter the ViO2 even in patients with a very disturbed ventilatory response to exercise. If the variability in the oxygen uptake contributed significantly to the variation in ViO2 between subjects, we would have expected to find a significant correlation between ViO2 and weight, since the greater the weight the greater would have been the Vo2. No significant correlation between weight and ViO2 was found; indeed, weight accounted for only 0-8% of the total variance in ViO2. 
